INTRODUCTION
The paper describes the application and assessment of the recently-developed CAP-TSD transonic small-disturbance code for flutter prediction. The CAP-TSD code has been developed for aeroelastic analysis of complete aircraft configurations and was previously applied to the calculation of steady and unsteady pressures with favorable results. Generalized aerodynamic forces and flutter characteristics are calculated and compared in the present study with linear theory results and with experimental data for a 450 sweptbadc wing. These results are in good agreement with the experimental flutter data which Is the first step toward validating CAP-TSD for general transonic aeroelastic applications. The paper presents these results and comparisons along with general remarks regarding modern wing flutter analysis by computational fluid dynamics methods. Research on the application of computational fluid dynamics (CFD) methods to unsteady flows and aeroelastic analysis is presently being actively pursued. Edwards and Thomas (1) gave a recent survey, for example, on computational methods for unsteady transonic flows with emphasis on applications to aeroelastic analysis and flutter prediction. The transonic speed range is of primary interest because the flutter dynamic pressure is typically critical (i.e., lower) there. The main effort. especially for three-dimensional configurations, has been at the transonic small disturbance (TSD) equation level, of which the XTRAN3S program is an important example (2) . For the higher equation levels such as the Euler and Navier-Stokes equations, efforts on aeroelastic applications have been limited to simple two-dimensional airfoils because of the larger computational cost involved. Two recent efforts are reported by Bendiksen and Kousen (3) and by Wu, Kaza, and Sankar (4).
The advantage of the TSD formulation, though, is the relatively low computational cost. the simplicity of the gridding and geometry preprocessing, and the ability to treat complete aircraft configurations. The XTRAN3S code, for example, employs an alternating-direction implicit (ADI) finitedifference algorithm for solution of the TSD equation, with several terms treated explicitly. This type of solution has a numerical stability restriction, however, that requires a large number of sufficiently small time steps, often much smaller than are needed for a time-accurate solution of the physical process. Batina (5) described the development of a time-accurate approximate factorization (AF) algorithm applied to the TSD equation. The AF algorithm was devebped to alleviate or avoid the numerical stability restriction of the AD1 algorithm. Furthermore, the rate of convergence per time step is greatly enhanced by the AF procedure, which reduces proportionately the cost of computation.
The AF algorithm has subsequently been developed into a new computer code called CAP-TSD (for Gomputational Aeroelasticlty Erogram -Iransonic Small Usturbance) for transonic aeroelastic analysis of complete aircraft configurations (6).
The CAP-TSD program emphasizes a combination of economy, stability, and accuracy of calculation. CAP-TSD has been used to calculate steady and unsteady pressures on wings and configurations at subsonic, transonic. and supersonic Mach numbers. Comparisons of these results with other methods and with experimental data have been favorable (Refs. (6) and (7)). However, the CAP-TSD code has been developed primarily for aeroelastic analysis. Such analysis involves the coupling of the aerodynamics with the structural characteristics of the configuration under consideration. The resulting equations of motion for a time-domain or time-marching aeroelastic analysis are based upon the aircraft natural vibration modes. These equations are integrated in time along with the finitedifference solution of the flow field. Initial conditions for each mode are input and free decay transients are calculated. Aeroelastic stability is then deduced from the free decay records or time histories. Both the underlying theory and the numerical procedures require evaluation. Thus, the purpose of the present paper is to report on the preliminary results of this evaluation. Generalized aerodynamic forces and flutter boundaries are presented for a 450 sweptback wing. Comparisons of these results with parallel linear theory calculations as well as with the experimental flutter data of Yates, et al. (8) provide an assessment of CAP-TSD for aeroelastic applications. The paper presents these results and comparisons along with general remarks regarding modern wing flutter analysis by CFD methods.
COMPUTATIONAL PROCEDURES
In this section, the computational procedures are described including the CAP-TSD code, the aeroelastic equations of motion, the time-marching solution of these equations, and the modal identification of the resulting free decay transients. Although the emphasis of the discussion is on the CAP-TSD code, the general computational procedures regarding time-marching flutter analysis apply to other CFD codes as well.
The CAP-TSD code is a finite-difference program which solves the general-frequency modified transonic smalldisturbance (TSD) equation. The TSD potential equation is defined by
The linear potential equation is recovered by simply sening F, 0, and H equal to zero. Equation (1) is solved within CAP-TSD by a time-accurate approximate factorization (AF) algorithm developed by Batina (5). In Refs. (5) to (7), the AF algorithm was shown to be efficient for application to steady or unsteady transonic flow problems. It can provide accurate solutions in only several a hundred time steps yielding a significant computational cost savings when compared to alternative methods. Recently several algorithm modifications have been made which improve the stability of the AF algorithm and the accuracy of the results (9) . These algorithm modifications include: (1) Engquist-Osher (E-0) type-dependent differencing to more accurately and efficiently treat regions of supersonic flow, (2) extension of the E-0 switch for second-order-accurate upwind differencing in supersonic regions to improve the accuracy of the results. (3) nonreflecting far fieid boundary conditions for more accurate unsteady applications, and (4) several modifications which accelerate convergence to steady state. The capabilities employed in the present study include the E-0 switch and the nonreflecting boundary conditions. The CAP-TSD code can treat configurations with arbitrary combinations of lifting surfaces and bodies including canard, wing, tail, control surfaces, tip launchers, pylons, fuselage, stores, and nacelles. Results have been presented for several complex aircraft configurations in Ref. (6) . The calculated results were in good agreement with available experimental pressure data which validated CAP-TSD for multiple component applications with mutual aerodynamic Interference effects.
s of MollQn
The aeroelastic equations of motion which have been incorporated in CAP-TSD are based on a right-hand orthogonal coordinate system with the x-direction defined as positive downstream and the z-direction positive upward. The presentation herein is limited to the case of an isolated wing with motion in the z-direction from an undisturbed position in the z = 0 plane. The general motion of the wing is assumed to be described by the separation of time and space variables where T is the kinetic energy, U is the potential energy of the structure, and Qi is the generalized force aslloclated with qi, which is obtained from the virtual work due to the external (aerodynamic) forces. The kinetic energy is where S is the planform area and dWdS is the area distrikrtbn of wing mass. The potential energy is
where o(x,y) represents the effective stiffness rate of the wing elastic restoring force.
Application of Lagrange's equations in the absence of external forces gives For a linear (or nearly linear) structure in the absence of external forces where a is the circular frequency of vibratory motion. From Eq. (8) this gives for each normal mode j which is the usual Rayl€ilgh-type representation for replacing the elastic restoring forces involving u in terms of the massinertia terms involving dWdS.
b
The virtual work bW done by the lifting pressure Ap acting through the virtual displacement hi 6 In these definitions, mi and ki are elements of the mass and stiffness matrices, respectively, corresponding to mode I. Equation (15) For aeroelastic analysis, two steps are generally required in performing the calculations. In the first step. the steady-state flow field is calculated to account for wing thickness, camber, and mean angle of attack thus providing the starting flow field for the aeroelastic analysis. The second step is to prescribe an initial disturbance to begin the structural integration. Disturbance velocities in one or more modes, rather than displacements, have been found to be distinctly superior in avoiding nonphysical, strictly numerical transients and their possible associated instabilities. For the applications presented below, 1000 time steps were typically used to compute about three cycles of the dominant flutter mode and about 20 cycles of the higher frequency fourth mode (second torsion). --+ .
As previously mentioned, CAP-TSD generates free decay transients that must be analyzed for the modal stability characteristics. An example transient for a 450 sweptback wing, calculated using CAP-TSD is shown in Fig. l(a) . All four modes used in the analysis were excited by a velocity initial condition which produces a complicated decay record. This record is analyzed using a least-squares curve-fit with complex exponential functions with a program that is a derivative of the one described in Ref. (12) . The components of the transient of Fig. l(a) are plotted in Fig. l(b) to the same scale. The free decay properties of each mode for this condition are readily apparent. A sufficient range of dynamic pressure must be considered to determine all relevant flutter points.
i WING FLUTTER TEST CASE
To assess the CAP-TSD code for flutter applications, a simple well-defined wing case was selected as a first step toward performing aeroelastic analyses for complete aircraft configurations. The wing being analyzed is a semispan windtunnel-wall-mounted model that has a quarter-chord sweep angle of 450, a panel aspect ratio of 1.65, and a taper ratio of 0.66 (8) . The wing is a proposed AGARD standard aeroelastic configuration (13) which was tested in the Transonic Dynamics Tunnel (TDT) at NASA Langley Research Center. A planview of the wing is shown in Fig. 2 . The wing has a NACA 65A004 airfoil section and was constructed of laminated mahogany. In order to obtain flutter for a wide range of Mach number and density conditions in the TDT, holes were drilled through the wing to reduce its stiffness. To maintain the aerodynamic shape of the wing, the holes were filled with a rigid foam plastic. A photograph of the model mounted in the TDT is shown in Fig. 3 .
The wing is being modeled structurally using the first four natural vibration modes which are illustrated in Figs. 4 and 5. Figure 4 shows oblique projections of the natural modes while Fig. 5 shows the corresponding deflection contours. These modes which are numbered 1 through 4 represent first bending, first torsion, second bending, and second torsion, respectively, as determined by a finite element analysis. The modes have natural frequencies which range from 9.6 Hz for the first bending mode to 91.54 Hz for the second torsion mode. 
RESULTS AND DISCUSSION
Results are presented from CAP-TSD to assess the code for flutter prediction. These Initial results are evaluated by maklng comparisons with linear theory calculations and with the experimental flutter data of Ref. (8) .
A e r o d v m l c Forces IGAFa
Generalized aerodynamic forces were obtained using CAP-TSD to assess the accuracy of the code for applications with modal oscillations. Parallel calculations were performed using the FAST (14) (1 5). In the pulse analysis, the GAFs are computed indirectly from the response of the flow field due to a smoothly varying exponentially shaped pulse. A small pulse Is prescribed in a given vibration mode and the aerodynamic transients are computed. The GAFs in the frequency domain are then determined by a transfer-function analysis involving Fast Fourier Transforms. This capability of CAP-TSD was recently developed and applied to study trends in aerodynamic forces (15) . With the pulse analysis, the GAFs for one column of the aerodynamic matrix can be generated in a single run. A complete set of GAFs requires as many computer runs as the number of modes. 
(Note that these results are shown with an expanded scale.) The bottom of the dip in flutter speed index (Fig. 7(a) in the subsonic Mach number range, the CAP-TSD and FAST calculations predict a slightly unconsewative flutter speed, except at M I 0.338, by as much as 2% (Fig. 7(a) ), and a higher flutter frequency (Fig. 7(b Comparisons of flutter characteristics from the linear and nonlinear CAP-TSD calculations with the experimental data are given in Fig. 8 . Figure 8 also occur in the flutter frequency (Fig. 6(b) This paper w i l l be presented a t t h e ASME Winter Annual Meeting, Boston, Massachusetts, December 13-18, 1987 as ASME Paper No. 87-WA/Aero-9.
Abstract
This paper describes t h e appl i c a t i o n and assessment o f t h e recently-developed The CAP-TSD code Generalized aerodynamic forces and f l u t t e r c h a r a c t e r i s t i c s are AP-TSD transonic smal 1 -disturbance code f o r f l u t t e r p r e d i c t i o n . as been developed f o r a e r o e l a s t i c analysis o f complete a i r c r a f t c o n f i g u r a t i o n s and 'as previously applied t o t h e c a l c u l a t i o n o f steady and unsteady pressures w i t h avorable r e s u l t s . a l c u l a t e d and compared i n t h e present study w i t h l i n e a r theory r e s u l t s and w i t h xperimental data f o r a 450 sweptback wing. These r e s u l t s are i n good agreement I i t h t h e experimental f l u t t e r data which i s t h e f i r s t step toward v a l i d a t i n g CAP-TSD o r general transonic a e r o e l a s t i c applications. The paper presents these r e s u l t s anc omparisons along w i t h general remarks regarding modern wing f l u t t e r analysis by omputational f l u i d dynamics methods. 
